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Abstract. The effects of overhead and drip tube irrigation on twospotted spider mite (TSMs) (Tetranychus urticae Koch) and predatory mite (PMs) (Phytoseiulus persimilis Athias-Henriot) populations, as well as the biological control of TSMs by PMs, were investigated on Impatiens wallerana Hook. f. 'Impulse Orange'. To determine the effects of the two irrigation methods on TSM populations, plants were inoculated with female TSMs 6 weeks after seeding. Plants were then irrigated twice every three days, and TSM counts were taken 3 weeks later. To assess the effects of irrigation method on PMs, plants were inoculated with TSMs 6 weeks after seeding, PMs were released 10 days later, plants were irrigated about once per day, and the number of predatory mites on plants was counted 3 weeks after release. To assess the effects of irrigation method on the biological control of TSMs by PMs, plants were inoculated with TSMs and PMs were released as before, but then plants were irrigated either three times every 2 days or three times every 4 days using either drip or overhead irrigation. The number of TSMs on plants and the number of leaves showing TSM feeding injury were measured 3 weeks after predator release. Overhead watering significantly reduced TSM and PM populations as much as 68-and 1538-fold, respectively, compared to drip irrigation with microtubes. Perhaps more important, overhead watering with or without predators significantly reduced the number of leaves sustaining TSM feeding injury as much as 4-fold compared to drip irrigation. These results confirm the common observation that TSM infestations and injury may be reduced by irrigation systems that wet plant foliage. However, predators still reduced TSMs even though overhead irrigation had a suppressive effect on predatory mites. Predators are particularly useful for reducing TSM injury when plants are watered infrequently. Overhead watering could be used in tandem with biological control as a component of an integrated crop management program for TSMs in ornamental greenhouses by rapidly lowering TSM population levels in hot spots before PMs are released.
pects of crop production management in order to maintain profitability, and hand watering is often not cost effective due to high labor costs (Nelson, 2003) . Furthermore, hand watering wastes water and may increase the incidence of plant disease because it results in frequently wet foliage, splashing water, and a humid environment in the foliage canopy (Jarvis, 1992) . Given this scenario, most growers are investing in automatic irrigation systems to increase the efficiency of irrigation and minimize labor costs (Nelson, 2003) . Examples of irrigation systems replacing hand watering include subirrigation systems like ebb and flow, trough irrigation, and capillary mats; surface delivery systems like drip or microtube irrigation; and overhead irrigation systems like stationary overhead sprinklers and boom sprayers.
A change in irrigation system, especially a shift to a delivery system that does not wet foliage, may directly or indirectly impact other aspects of production in greenhouses, including arthropod pest management. The twospotted spider mite (TSM), Tetranychus urticae Koch (Acari: Tetranychidae), is a small (0.5 mm in length) generalist herbivore that is a severe arthropod pest of many economically important ornamental crops grown in greenhouses (Smitley, 1993; van de Vrie et al., 1972) . Overhead irrigation systems that wet plant foliage may help reduce arthropod pest populations in general (Castle et al., 1996; Gencsoylu and Yilmaz, 2003; McHugh and Foster, 1995; Nakahara et al., 1986; Parihar and Name, 1999) and spider mite populations in particular (Hudson and Beirne, 1970; Ranga et al, 1990 ). This pest is particularly vulnerable to being washed off foliage, which may cause physical damage, or to being killed by drowning (Holtzer et al. 1988) . High humidity production environments have also been related to reduced TSM populations (Lindquist et al., 1987) . Therefore, replacing overhead watering systems with irrigation systems that do not wet foliage might lead to increased problems with plant-feeding insects and mites. In fact, washing plant foliage is recommended in extension literature as a means of controlling spider mites on plants as varied as apple trees (Smith, 2001) , home ornamentals (Cranshaw and Sclar, 2004) , onions (Hall et al., 2000) , and vegetable crops (Bauernfeind, 2004) . However, several studies question the impact of overhead irrigation on spider mites and suggest that mites may actually be more of a problem with overhead irrigation (Latimer and Oetting, 1999; White and Liburd, 2005) .
The predatory mite (PM) Phytoseiulus persimilis Athias-Henriot (Acari: Phytoseidae) is commonly used as an effective biological control agent for TSMs on many crops grown in greenhouses. We have studied and advocated the use of this predator for spider mite control on bedding plants in commercial greenhouses (Holt, 2005; Opit et al., 2004 Opit et al., , 2005 . However, because this predator is approximately the same size as its prey, and lives on the leaf surface with its prey, it may also be substantially affected by overhead irrigation. This raises questions about the need for and effectiveness of biological control of spider mites by PMs when overhead irrigation is used. Few studies have examined Overhead irrigation via hand watering is the only practical irrigation system in some production situations, such as in ornamental greenhouse operations that produce small blocks of numerous plant species and container sizes (Dole and Wilkins, 2005) . However, plant production has become a highly competitive business, demanding high efficiency in all as-the effects of overhead irrigation on Tetranychus species in controlled environments (e.g., Latimer and Oetting, 1999) . Furthermore, no research has documented the effects of watering on PM population growth on ornamental crops, or on the effects of watering methods on biological control of TSMs using PMs. Therefore, we conducted a series of experiments to investigate the effects of overhead and drip tube irrigation on both TSM and PM populations, and on biological control of TSMs using PMs, on Impatiens wallerana 'Impulse Orange' Hook. f. (Ericales: Balsaminaceae). This species and cultivar was selected because of its susceptibility to feeding damage from TSMs.
Materials and Methods
Growing conditions. A series of experiments described below were conducted at three times: first from September to November 2003 (Fall 2003) , then from January to March 2004 (Winter 2004 , and finally from August to October 2004 (Summer 2004 . All experiments were set in 7.6 × 7.6-m glass greenhouses at Kansas State University, Manhattan Impatiens wallerana'Impulse Orange' (Syngenta Seeds, Inc., Downer's Grove, Ill.) was used in all experiments; seeds were propagated in 200-cell plug trays that were placed under mist. Seedlings were transplanted, two per 8.9 × 8.9-cm pot, after either 4 weeks (Fall 2003 and Winter 2004 experiments) or 2.5 weeks (Summer 2005 experiment). Root medium was Pro-Mix BX (Premier Horticulture, Dorval, Que.), which consisted of about 70% low-humified sphagnum peatmoss to 30% horticultural grade perlite and vermiculite. Pot spacing was 36 × 50 cm; at this spacing, plants did not contact each other throughout the length of the experiments. To further minimize possible movement of TSMs or PMsamong pots, each pot was placed on an inverted plastic container that sat in a pool of water or moat held in a 25.3-cm plastic saucer (Opit et al., 2004) .
Until plants were inoculated with spider mites, all plants were overhead watered by hand at a frequency based on water loss from the pots measured by weight loss. Eight (Fall 2003 and Winter 2004) or twelve (Summer 2004) pots of impatiens were weighed at least once per day and all pots were irrigated when the weight of at least half of the weighed pots dropped by 30% from their weight at container capacity. This was equivalent to watering plants twice every three days. Irrigation was performed using a solution of 200 mg N/L from 20N-0.43P-16.6K fertilizer (Peter's 20-10-20 Peat-Lite Special, Scotts Co., Marysville, Ohio).
Temperature and relative humidity data were collected every 30 min using a HOBO environmental monitor (Onset Computer Corp., Bourne, Mass.). In Fall 2003, temperatures in the greenhouse were 26 ± 8.6°C (mean ± SD), but extremes as low as 16°C and as high as 44 °C occurred for short periods. Relative humidity was 39% ± 14.9% (range 21% to 99%). In Winter 2004, temperature was 23 ± 9.1 °C (range 13 to 52 °C), with relative humidity of 34% ± 11.8% (range 23% to 89%). Supplemental light from High Intensity Discharge (HID) lamps (Sunlight Supply, Inc., Vancouver, Wash.) above each bench suspended at a height of 50 cm provided 14L-10D photophase. In Summer 2004, temperature was 24± 5.1 °C (range 16 to 40 °C), with relative humidity of 45% ± 16% (range 23% to 85%). Light from HID lamps suspended above each bench at a height of 93 cm supplemented natural light for 12 h each day.
Mites. Irrigation. Watering frequency was determined based on 30% drop in pot weight from container capacity as described above. The number of times each treatment was watered was recorded, and at the end of the experiments, this data was translated into a descriptive watering frequency, such as twice every 3 d. Drip tube irrigation used Chapin tubes (Chapin Watermatics, Inc., Watertown, N.Y.) with one microtube (2 mm inside diameter and 3.3 mm outside diameter) placed in each pot, which delivered a measured amount of irrigation solution; foliage was not wetted. Overhead irrigation was accomplished by hand-watering over the top of the foliage canopy. This was done with a water breaker (Dramm 400 PL; Dramm Corp., Manitowoc, Wis.) and wand (0.4 m Dramm Handi-Reach hose extension handle) attached to a 1.9-cm-diameter hose; foliage was wetted at each application. Very close to the same volume of fertilizer solution was applied to plants in this treatment as to those watered by drip irrigation. This was accomplished by measuring the volume of solution needed to bring pots receiving irrigation from drip tubes to container capacity with a leaching fraction of 15%, measuring the length of time required to deliver that same volume of solution with overhead irrigation equipment at a rate of 250 cm , and timing the application of solution from overhead irrigation to each pot to obtain this same volume. Care was taken to minimize water running off of foliage and out of the pot.
Effect of irrigation method on TSM populations. Two repetitions of this experiment were conducted: the first in Pots were then randomly assigned to either the hand watering or drip tube irrigation treatment. Irrigation treatments were not started until one day after inoculation, allowing the TSMs to become established on the impatiens plants. Three weeks after inoculation with TSMs, or 9 weeks after seeding, impatiens were destructively sampled and the number of TSMs per leaf was counted. PROC GLM (SAS, 2000) was used to run ANOVA to test the effects of irrigation on TSM populations. Treatment means were compared using Fisher's least significant difference (LSD) mean separation procedure.
Effect of irrigation method on PM populations. Two repetitions of this experiment were conducted at the same times and in the same greenhouses as the above experiments. However, impatiens used to study PMs were placed on a different 0.9 × 4.6 m greenhouse bench than plants used to study TSMs. Each replication was run as a randomized complete block design with 2 irrigation treatments and 7 blocks ( Following inoculation all pots were irrigated using drip tubes to allow TSM populations to establish and increase unimpeded for 2 weeks. After 2 weeks, three adult female PMs were released on impatiens in each pot. Pots were then randomly assigned to either the hand watering or drip tube irrigation treatment. Irrigation treatments were not started until one day after inoculation, allowing PMs to become established on the impatiens plants. Three weeks after inoculation with PM, or eleven weeks after seeding, impatiens plants were destructively sampled and the number of PMs on each leaf was counted. Data were analyzed as above.
Effect of irrigation on biological control of TSMs by PMs. This experiment, conducted in Summer 2004, evaluated the impact of irrigation method and frequency on the ability of PMs to control TSM population growth and plant damage from TSM feeding. The factorial treatment structure compared two irrigation methods (overhead or drip tube), two irrigation frequencies (irrigation after either a 20% or 40% decline in pot weight from container capacity), and two predator treatments (predators or a no predator control) plus an uninfested control for a total of nine treatments. On plants treated with predators, PMs were released at a 1:10 ratio of predators to prey; this ratio is within the range recommended for control of TSMs on ornamental plants (Hamlen and Lindquist, 1981; Opit et al., 2004) . The experimental design was randomized complete block with six blocks (replications).
Irrigation treatments were not started until after predators were applied, as described below. Low irrigation frequency was achieved by weighing eight pots that received this treatment in representative locations at least twice a day. Irrigation was applied when the weight of at least four of the weighed pots dropped by 40% from their weight at container capacity due to water loss. This resulted in irrigation about 3 times every 4 d. The procedure for irrigating high frequency treatment plants and the six uninfested controls was similar except that eight pots were weighed at least three times a day and plants were irrigated when the container weight of at least four of the weighed pots dropped by 20% from their weight at container capacity. This resulted in irrigating about three times every 2 d. Low and high irrigation frequency plants received approximately equal amounts of fertilizer. This was accomplished by irrigating plants receiving high frequency irrigation with water rather than fertilizer solution about 30% of the time.
Six weeks after seeding, plants in fifty-three pots were inoculated with 10 adult female TSMs per pot; six additional pots served as uninfested controls. Forty-eight TSM-inoculated plants were randomly assigned among six blocks, eight per block, and the six uninfested control plants were randomly assigned one per block. The five remaining TSM-infested plants were distributed among the benches to allow us to monitor TSM population growth before predator release. Drip tube irrigation of the pots continued as before to allow TSM populations to grow unimpeded. Nine days following TSM inoculation, plants in the five TSM-inoculated pots set aside to monitor TSM growth were destructively sampled to estimate the average number of TSMs per pot. The average number of TSMs on these impatiens was used to calculate the number of predatory mites required to achieve a predator:prey release ratio of 1:10. We found an average of 70 TSMs per pot in the five sampled pots, so we released seven PMs per pot, 1 d after sampling, on those plants scheduled for predator release. Irrigation treatments were not started until one day after inoculation, allowing PMs to become established on the impatiens plants on which they were released. About 3 weeks after predator release, or about 11 weeks after seeding, all leaves on each plant were examined visually for tissue damage related to TSM feeding. For each pot, the number of leaves showing at least 10% feeding injury on the upper leaf surface were counted. Damage appeared as white or silver to tan stippling marks. All impatiens were then destructively sampled and the number of TSMs on each leaf was counted. The total number of TSMs per pot was determined by addition.
To address the heterogeneity of variance that existed in the data (z), we performed a log 10 (z + 1) transformation. PROC GLM (SAS, 2000) was then used to run ANOVA to test for the influence of main effects and two-and three-way interactions . To determine how the number of damaged leaves on the uninfested control plants differed from those on plants in other treatments, PROC GLM was used to run ANOVA on transformed data that included the uninfested control treatment. Means were compared using Fisher's least significant difference (LSD) procedure.
Results

Effect of irrigation method on TSM populations.
Irrigation method had a significant effect on TSM populations (Fall 2003: F 1,11 = 18.25, P = 0.0013; Winter 2004: F 1,11 = 42.44, P < 0.0001). Plants irrigated using overhead watering had much lower numbers of TSM than plants irrigated using drip tubes (Table 1) .
Effect of irrigation method on PM populations. As with TSMs, PM populations were significantly affected by irrigation method (Fall 2003: F 1,11 = 12.78, P = 0.0117; Winter 2004: F 1,11 = 16.8, P = 0.0018) . Overhead watering resulted in significant reductions in PM numbers found on plants when compared to drip tube irrigation ( Table 2) .
Effect of irrigation on the biological control of TSMs by PMs. With respect to numbers of TSMs found on plants, there were no significant two-or three-way interactions among irrigation method, frequency of irrigation, or predator release. Of the main effects, the number of TSMs was only affected by the method of irrigation (F 1,35 = 37.64, P < 0.0001) and predator release (F 1,35 = 13.30, P = 0.0009). Plants irrigated using overhead watering had significantly fewer TSMs than plants that were irrigated using drip tubes, and those that received PMs had significantly fewer TSMs than plants that had no PMs (Table 3) .
Regarding feeding injury, the only significant two-or three-way interaction was between predator release and irrigation frequency (F 1,35 = 5.80, P = 0.0215). There was no difference between predator release levels when plants were watered more frequently, but when plants were less frequently watered those plants on which predators had been released had significantly less leaf injury (Tables 4 and 5 ). Irrigation method was the only significant main effect (F 1,35 = 17.26, P = 0.0002). Plants irrigated using overhead watering had significantly fewer leaves showing at least 10% TSM damage than those receiving drip irrigation (Tables 4 and 5 ).
Discussion
These results show that overhead watering alone can result in significant reductions in TSM populations and damage due to TSM feeding, even on mite-susceptible plants like impatiens that have a very low aesthetic injury tolerance threshold. This part of our results is consistent with reports of a reduction of TSMs under some type of overhead irrigation (Hudson and Beirne, 1970; Ranga et al., 1990) . Conversely, TSMs are more likely to be a serious problem in greenhouses that use irrigation systems that do not wet plant foliage. Currently, irrigation systems that do not wet foliage are widely used in modern, large-scale ornamental greenhouses. Therefore, we recommend that growers who use an automated irrigation system that does not wet foliage (e.g., ebb and flow, trough irrigation, capillary mats, or drip or microtube irrigation) consider their pest management practices in light of a potential increase in TSM populations under these conditions. Specifically, growers using or switching to such systems should consider increasing the thoroughness and frequency of pest monitoring in order to detect TSMs and apply treatments in a timely manner (Opit et al., 2003) . Table 3 . Mean number of twospotted spider mites (TSM) observed on impatiens 'Impulse Orange' at different levels of irrigation method (overhead or drip tube), irrigation frequency (20% or 40% drop in pot weight from container capacity due to water loss), and predator release (no predators or predators). Plants were inoculated with TSM 6 weeks after seeding, predatory mites (PMs) (P. persimilis) were released on appropriate treatments 1.5 weeks later, and damage rating and TSM counts were made 3 weeks after that. N = 24 for treatments except uninfested control (N = 6). We do not advocate preventative applications of either pesticides or biological control because of high and perhaps unnecessary costs, as well as increased worker safety concerns and pest resistance resulting from overuse of pesticides. If TSMs are detected through regular sampling, effective biological control options are available to use on ornamentals in lieu of pesticides (Gough, 1991; Gould and Light, 1971; Hamlen, 1978; Holt 2005; Opit et al., 2004) . Clearly PMs were negatively affected by overhead watering, and this must be taken into account when choosing remedial or rescue treatment for spider mites. The large reduction in the number of PMs due to overhead irrigation compared to drip tube irrigation may be related to either direct (e.g., physical dislodging, drowning) or indirect (e.g., emigration, death resulting from lack of food, or inhospitable high humidity habitat) adverse effects on the predator, or both. Despite these effects, PMs did reduce TSM populations by approximately the same proportion on plants watered overhead as on plants watered by drip irrigation. However, the substantial reduction in predator populations on impatiens that were watered overhead, combined with evidence that releasing predators on overhead watered plants did not reduce feeding damage more than overhead irrigation alone, indicate that it may not be economical or necessary for growers to invest in biological control for TSMs when overhead irrigations systems are being used. This may not be true for those ornamental greenhouse growers who prefer to grow plants dry (irrigating less frequently) as a means of regulating plant height or toning plants before sale. Under these circumstances, even overhead watering may not sufficiently suppress TSM populations, and PMs are more likely to play an important role in reducing TSMs.
Even when growers irrigate more frequently there are circumstances in which overhead watering might be effectively used in conjunction with biological control of TSMs by PMs. Overhead watering has the potential for quickly knocking down high TSM populations. Therefore, even in greenhouses where overhead irrigation is not used, hand watering could be incorporated into an integrated pest management program for TSMs. For example, hand watering could help reduce TSM populations before releasing predators, particularly in cases where high-density hot spots of TSMs are detected, because PMs are less effective at controlling TSMs at high population levels than at moderate to low TSM densities. This integrated management approach would ensure that PMs are released at TSM densitites that can be rapidly brought under control with predators. In addition, releasing PMs when TSM levels are not extremely high means that fewer predators would have to be purchased, thereby reducing the cost of biological control. Overhead watering may be exploited as an important component of a TSM integrated management program that includes the use of PMs and other management tools. Table 5 . Mean number of twospotted spider mite (TSM) and mean number of impatiens 'Impulse Orange' leaves showing at least 10% TSM feeding injury at different levels of irrigation method (overhead or drip tube), irrigation frequency (20% or 40% drop in pot weight from container capacity due to water loss), and predator release (no predators or predators). Plants were inoculated with TSM 6 weeks after seeding, predatory mites (PMs) (P. persimilis) were released on appropriate treatments 10 d later, and leaf injury and TSM counts were made 3 weeks later. N = 24 for treatments except uninfested control, where N = 6. Means within a column followed by the same letter are not significantly different at P < 0.05 by Fisher's LSD.
